In order to predict in advance the coal and gas outburst risks in the No. 3 coal seam in the non-mining area of the Xinjing mine, the strata were divided into seven rock assemblage types based on the lithologic characteristics of strata in the research area, and eight geological profile models were constructed. The finite element methods were used to simulate the ground stress field of the No. 3 seam floor. Based on the log curve, the coal structural type of the No. 3 coal seam was identified, with the thicknesses of the coal body under different types of damage being marked off in each borehole. A damage index of the coal structure (DV) was also proposed, and the DV indexes for all boreholes were calculated. The coal and gas outburst risks in the research area were comprehensively evaluated and predicted through a superposition analysis of the spatial distribution states of three indexes, namely: ground stress, coal structure damage degree, and coal seam gas content. The results show that the equivalent stress of the No. 3 coal seam floor is usually within the range of 9-26 MPa. The high-stress zone presents a strip distribution along the northeast-southwest (NE-SW) direction. The distribution of ground stress is mainly subject to the folds and buried depth of the coal seam. The distribution range where the damage degree of the coal structure falls under Types II and III is DV ≥ 22. The gas outburst risk in the mid-southern and northeastern parts of the research area is high, whereas that in the mid-western part is low. The zones with a high and low degrees of gas outburst risks are all mainly present as strips in the NE-SW direction. The gas outburst risk in the northwest and southeast is moderate. The research results can provide guidance for gas control in non-mining areas.
Introduction
Although the Chinese government has been strengthening the prevention and control of coal mine gas accidents, gas accidents still account for a large proportion of major coal mine accidents [1] . Gas is derived from coal bed methane (CMM). On the one hand, it poses a threat to the safety of coal production, while on the other hand it could be used for clean energy. The utilization of gas can help reduce greenhouse gas emissions [2] .
The spatial distribution of gas content is controlled by the geological structure, because regional and mine structures form different sealing conditions which control the distribution of gas content in the coal seam [3] . At the same time, the tectonic deformation and tectonic deformed coals have improve the scope and efficiency of gas outburst predictions [25] . The artificial neural network (ANN) can be used to calculate the interconnection weight of indexes, and an index evaluation method (EEM) can be employed to classify the levels of the gas outburst risks [26] . By combining a fuzzy system with a neutral network, a method for evaluating the gas outburst risks based on the fuzzy neutral network can be established [27, 28] . In addition, based on a logic regression model, Li et al. (2015) proposed an approach to evaluating the gas outburst risks method [29] .
Currently, mining technology with a protective layer is the primary means by which attempts to prevent coal and gas outbursts are made. The main purpose of this technology is to promote stress release and crack development in the protected layer, which favors gas extraction. This approach is the most effective and economical method for preventing coal and gas outburst risks, and includes a far-distance protection layer, a self-protection layer made of a thin coal bed, and other techniques [30] [31] [32] [33] .
Based on the literature review, one can see that many in-depth studies have been conducted on the gas accumulation mechanism in coal seams and on gas emission and migration during mining. These works are generally based on experimental and theoretical analyses. At the same time, gas dynamic phenomena during mining, particularly outburst behavior, are commonly evaluated and predicted by using field test data in combination with numerical simulations and intelligent technology. Such evaluations are usually performed within the limited scope of the working face of the mining area. After understanding the relative mechanism, techniques and measurements are utilized for the prevention and management of gas outbursts. At present, little research focuses on the advanced evaluation and prediction of gas outburst risks in non-mining areas. Conducting an advanced prediction of gas outburst risks in non-mining areas of coal mines is important, as such predictions can provide the basis for decision-making on the mining face layout, selection of mining mode, and technology of gas outburst prevention, in order to ensure the safety of mine production.
Many geological factors might affect gas outbursts, with ground stress, strength of the coal body, and gas content being the three main and direct controlling factors. Studies have shown that tectonic evolution plays a leading role in controlling gas occurrence and migration in coal seams. High gas pressure is formed under high tectonic stress in the coal bearing strata. Tectonic deformed coal formed under strong tectonic movement is characterized by low strength of the coal body and strong gas adsorption and desorption. Ground stress can control the structure of the coal body and gas pressure, thus playing a dominant role in gas outburst disasters [34] . In this study, an advanced comprehensive evaluation and prediction of gas outburst risks will be conducted by performing a ground stress field simulation according to the actual conditions of the mining area. This study's method can be used as a reference in the advanced prediction of gas outburst risks in non-mining areas of coal mines.
Geological Background
The research area is located in Yangquan, Shanxi, China (Figure 1 ). The strata in this area are completely exposed and mainly include those from the Middle Ordovician, Upper Carboniferous System-Lower Triassic System, and Quaternary (Table 1 ). The object of this study, the No. 3 coal seam, is located in the Shanxi group. The No. 3 coal seam is 0.75-4.31 m thick, with an average of 2.33 m. The structure of the coal seam is simple and its distribution in the formation is stable. The structural features of the research area are characterized by the irregular monoclinic structure of the northeast (NE) high and southwest (SW) low, with a gentle dipping of 3-11 • . The fold structure at the secondary level is developed on the monoclinic structure. Multistage folds superimpose on one another. In the research area, large to medium faults are not developed, but small faults are intensively developed. Statistics on 348 measured faults in the No. 3 coal seam show that there are only three faults with a drop of more than 5 m, which constitute less than 1% of all faults. The coal seam is therefore mainly affected by the fold structure (Figure 1 ). In the whole mining area, 265 collapse columns were revealed, with an average of 4.1 per square kilometer. The concentrated collapse columns in the mined area are as high as 14 per square kilometer. They are oval and round in a plane form, and in profile they have irregular columnar bodies that are wide below and narrow on top. There is no magmatic activity in the research area.
Simulation of Ground Stress Field

Background of Regional Tectonic Stress Field and Measured Ground Stress in the Mining Area
Based on focal mechanism solution data from North China, Cui et al. (2001) calculated and discussed the temporal and spatial variation characteristics of the direction of a modern tectonic stress field [35] . Their research result shows that the azimuth of the modern tectonic stress field in North China is NE-SW, that the intermediate stress is nearly vertical, and that the angle between the maximum principal stress axis and the horizontal plane is about 10 • . It can therefore be confirmed that the azimuth of the modern stress field in the research area is NE-SW, and that the maximum principal stress is near the horizontal level.
The ground stress tests had been carried out in the Xinjing coal mine and its surrounding coal mines. Consequently, abundant test data were accumulated in recent years. Ground stress was measured using a hydraulic fracturing method. The test results included vertical stress, minimum horizontal stress, maximum horizontal stress, and the direction of the maximum horizontal stress. The statistics of the ground stress data demonstrated that the vertical and maximum horizontal stresses gradually increased along with an increase of depth, and that they had a good linear relationship ( Figure 2 ). The fitting relationship between the maximum horizontal stress and the depth is σ H = 0.023 × S + 3.850
(1) where σ H is the maximum horizontal stress (MPa), and S is the depth (m).
The statistics of the ground stress data demonstrated that the vertical and maximum horizontal stresses gradually increased along with an increase of depth, and that they had a good linear relationship ( Figure 2 ). The fitting relationship between the maximum horizontal stress and the depth is
where σH is the maximum horizontal stress (MPa), and S is the depth (m). 
Determination of Rock Mechanical Parameters in the Research Area
Previous research has demonstrated that a certain relationship exists among different rocks' physical and mechanical indexes. By fitting experimental data on sandstone and those on mudstone, Cao et al. (2010) obtained the relationship between the rock uniaxial compressive strength and the elasticity modulus [36] . Zhang et al. (2011) established a correct empirical formula for the rock internal fraction angle (φ) and Poisson's ratio (μ) as follows [37] :
where μ is Poisson's ratio (dimensionless), and φ is the internal fraction angle (°). The above study results are suitable for sedimentary rocks. The strata in the research area are also sedimentary rocks, and there were abundant data from the rock compressive strength test, though there was a lack of results for the elastic modulus and Poisson's ratio; the study results from Cao et al. (2010) and Zhang et al. (2011) were therefore referenced in the below estimation of rock mechanics parameters.
The formation lithology in the research area mainly includes limestone, sandstone, siltstone, shale, sandy mudstone, and coal. According to the physical and mechanical properties, rocks with similar engineering geological properties are combined into a fixed rock assemblage and are divided into six rock groups, namely hard, medium hard, general, medium soft, soft, and extremely soft groups. In addition, a rigid "model cover" was designed to replace other rock assemblages which are located from just above the Shanxi Formation to the surface, excluding a coal bed. Based on the statistical result on the physical and mechanical indexes in the research area in combination with previous study results, the calculation parameters of each rock assemblage were predicted for a numerical simulation, as shown in Table 2 . Table 2 . Classification of rock assemblage types and calculation parameters of the simulation in the research area.
Rock Assemblage Classification Mechanical Index
The limestone is the main type, and the lithology is relatively simple. Hard E = 40 × 10 9 , μ = 0.28, ρ = 2720 Medium-and coarse-grained to fine-grained sandstone, sandwiched with thin layers of shale, mudstone and sandy mudstone.
Medium hard E = 25 × 10 9 , μ = 0.33, ρ = 2650 
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Rock Assemblage Classification Mechanical Index
The limestone is the main type, and the lithology is relatively simple. Hard E = 40 × 10 9 , µ = 0.28, ρ = 2720
Medium-and coarse-grained to fine-grained sandstone, sandwiched with thin layers of shale, mudstone and sandy mudstone.
Medium hard E = 25 × 10 9 , µ = 0.33, ρ = 2650
Siltstone is the main type, or a sandstone and shale interbed development.
General E = 20 × 10 9 , µ = 0.35, ρ = 2640
Shale and sandy mudstone are the main ones, sandwiched with fine sandstone-siltstone or thin layer of limestone.
Medium soft E = 15 × 10 9 , µ = 0.36, ρ = 2640
Coal bearing strata, composed of sandy mudstone, shale, marlite or thin layer of limestone, siltstone, and sandwiched with thin coal seam. Soft E = 10 × 10 9 , µ = 0.38, ρ = 2620
Coal seams and carbonaceous shale roof.
Extremely soft E = 5 × 10 9 , µ = 0.40, ρ = 1420
Model cover (designed according to rigid body) Highly rigid body E = 100 × 10 9 , µ = 0.01, ρ = 2650
Notes: E is modulus of elasticity (Pa), µ is Poisson's ratio (dimensionless), and ρ is the density (kg/m 3 ).
Geological Modeling from Cross-Profile and Finite Element Simulation of Ground Stress
A geological model was established from the cross-profile according to the following principles.
(1) A number of 2D geometric models were established after examining the geological profile.
The azimuth of the geological profile was determined by the maximum horizontal principal stress orientation of the modern stress field in the region. By taking the measured ground stress results in Xinjing Mine into consideration, it was determined that the azimuth of the maximum horizontal stress was about 51 • . In consequence, the 2D geometric models were constructed based on eight designed geological profiles. The locations of these geological profiles, I-VIII, are shown in Figure 3 . (2) The tectonic characteristics of Xinjing Mine were mainly manifested as folds and superpositions of folds. Large to medium faults were not well developed, and faults with less than 5 m of measured drops in the mine comprised over 90% of all faults. Small faults could be ignored after being compared with the size of the simulation profile. Therefore, when the geological geometric model was constructed in the research area, the effect of folds was mainly considered. (3) The classification of rock assemblages of various geological profile models was generally consistent. The formation beyond the Shanxi Formation was no longer further divided and was substituted with a rigid cover. Different vertical pressures were provided at the top of the "model cover", on the basis of formation development, topography, and geomorphology ( Figure 4a ).
Based on the above principles, 12 rock assemblages were established, while rock formations with similar mechanical properties were merged. Coal seam was treated as a separate layer.
The steps for conducting the finite element simulation on the ground stress are as follows:
(1) Mesh generation: Considering the irregular thickness and structural type of a stratum, the thin rock formations and the parts with large deformations were encrypted when conducting meshing generation. Taking profile IV as an example, mesh division was carried out in an intelligentized and free manner, with a triangle shape. There were 35,355 nodes and 17,640 units after division. The grid size depended on the thickness of the layer, and the coal seam was regarded as the target layer to be subdivided. (2) Boundary constraints: A vertical constraint was adopted for the bottom boundary (UY = 0), and a horizontal free constraint was adopted for the lateral boundary (i.e., a roller bearing restraint). (3) Model loading: Horizontal pressure stress loading with a triangular distribution was applied to the models according to Equation (1). The gravitational acceleration was set to g = 10 m/s 2 , and the vertical stress was calculated based on the vertical distance from the top of the "model cover" to the ground. (4) Operation and results: The stress and strain values on each node were obtained after being calculated. As stress includes the maximum and minimum principal stress and equivalent stress, the equivalent stress (i.e., Von Mises stress) was used to represent the ground stress state (Figure 4b ). 
Distribution of Ground Stress in the Floor of the No. 3 Coal Seam
The stratigraphic profile was divided into a large number of nodes through mesh generation. After being calculated, the nodes were assigned with stress and strain values. A contour map of the stress distribution on the floor of the No. 3 coal seam was obtained after collecting node data in the profile line of the floor of the No. 3 coal seam of model profiles I-VIII (Figure 3) , and by kriging interpolation among various profile lines. The results showed that the equivalent stress of the floor of the No. 3 coal seam in the research area was within the range of 9-26 MPa in general, and that the high-equivalent-stress zone showed a strip distribution in the NE-SW direction (Figure 3 ). There are two ground stress measured points, X1 and X2, that exist in the main roadway in the southeast of the research area. The mean value of the measured maximum horizontal principal stresses is 14.00 MPa. The average sounding is similar to the buried depth of the No. 3 coal seam floor where the simulation was conducted. The simulation result showed that the maximum horizontal principal stress is approximately 12.52 MPa, with a difference of 1.48 MPa from the measured mean value. The difference is about 10.57%, which is within an acceptable range in engineering.
In the contour map of equivalent stresses, the stress gradients on both sides of the 14 MPa stress contour line differ significantly. Taking into account the stress value and stress gradient, the research area was divided into two zones, the "high-stress zone" (Zones A and B) whose stress value is over or equal to 14 MPa, and the "low-stress zone" (Zones C and D) whose stress value is under 14 MPa (Figure 3 ).
Discussion of theGround Stress Field
There is distinct zoning of ground stress in the research area. There is also a direction of the spatial distribution: The high-stress zone (Zones A and B) presents a strip distribution generally in the NE-SW direction, similar to the orientation of the main fold axis in the region. It seems that the zone with a peak value was affected by two groups of anticline axes (Figure 3) . Superimposed folds are highly developed in the research area. In addition to those in the NE-SW direction, there are a few folds near the east-west (EW) direction in the middle-southern to southeastern part (Zone D) (individual in NEE-SWW). Two groups of folds were superimposed with a wide-angle skew or near-vertical intersection. It seems clear that the fold superposition has led to the reduction in ground stress (Figure 3) .
The burial depth is also an important factor that affects the ground stress. Based on the above analysis of the measured ground stress, it can be seen that vertical and horizontal principal stresses increase along with the increase of burial depth. The contour line of the coal seam floor in the northwestern part of the research area (Zone C) shows that the burial depth of the coal seam floor in this region is the smallest. Therefore, although this region is also a fold-development zone in the NE-SW direction, without the development of superimposed folds, the ground stress is greatly reduced. 
Distribution of Ground Stress in the Floor of the No. 3 Coal Seam
The stratigraphic profile was divided into a large number of nodes through mesh generation. After being calculated, the nodes were assigned with stress and strain values. The difference is about 10.57%, which is within an acceptable range in engineering.
Discussion of theGround Stress Field
There is distinct zoning of ground stress in the research area. There is also a direction of the spatial distribution: The high-stress zone (Zones A and B) presents a strip distribution generally in the NE-SW direction, similar to the orientation of the main fold axis in the region. It seems that the zone with a peak value was affected by two groups of anticline axes (Figure 3) .
Superimposed folds are highly developed in the research area. In addition to those in the NE-SW direction, there are a few folds near the east-west (EW) direction in the middle-southern to southeastern part (Zone D) (individual in NEE-SWW). Two groups of folds were superimposed with a wide-angle skew or near-vertical intersection. It seems clear that the fold superposition has led to the reduction in ground stress (Figure 3 ). The burial depth is also an important factor that affects the ground stress. Based on the above analysis of the measured ground stress, it can be seen that vertical and horizontal principal stresses increase along with the increase of burial depth. The contour line of the coal seam floor in the northwestern part of the research area (Zone C) shows that the burial depth of the coal seam floor in this region is the smallest. Therefore, although this region is also a fold-development zone in the NE-SW direction, without the development of superimposed folds, the ground stress is greatly reduced. It is obviously affected by the shallow buried depth (Figure 3) .
In summary, the strength and distribution of ground stress in the research area are mainly affected by the burial depth and geological structure.
Advanced Forecast of the Gas Outburst Risks
Evaluation of the Damage Degree and the Distribution of the Coal Structure
Ground stress, gas content, and strength of the coal structure are the three most important direct factors that control coal and gas outbursts. Therefore, a comprehensive evaluation and prediction of the gas outburst risks in the research area was performed based on the ground stress field, gas content, and development of tectonic deformed coal. Since the spatial distribution characteristics of the ground stress field have already been investigated, the spatial development characteristics of the coal structure must be analyzed further below.
The structural type of the coal body can be divided into three categories according to the logging curve and damage degree: Type I coal, with a good preservation of the primary structure and generally without structural damage, Type II coal, with a damaged primary structure and well-developed fissures, and Type III coal, which has been damaged strongly by tectonic movement and where the primary structure is invisible. Well logging curves have good responses to coal structures. Fu et al. (2003) divided the types of tectonic deformed coal based on different patterns of logging curves [38] . This method had been broadly applied [39] . The logging curves for 112 boreholes in the research area (i.e., the un-mined area of Xinjing Mine) were identified. In the meantime, the structurally deformed coal samples were collected in the mining area for a comparative analysis ( Figure 5) ; the thickness of coal bodies with different structural types in each borehole were determined in this way. 
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where DV is the damage value of the coal structure, and H I is the thickness percentage of Type I coal (H II for Type II coal, and H III for Type III coal) in a borehole of the total thickness of Types I, II and III coals in the same borehole. According to Equation (3), the larger the damage value, the more serious the damage. Only when Types II and III coals are all developed could the damage value of the coal structure exceed 22. Therefore, based on the statistics of 112 boreholes (Figure 6 ), the development degree of the tectonic deformed coal in the research area was calculated. Using DV ≥ 22 as the boundary, a distribution map of the tectonic deformed coal was created for Types II and III coals ( Figure 6 ). where DV is the damage value of the coal structure, and HI is the thickness percentage of Type I coal (HII for Type II coal, and HIII for Type III coal) in a borehole of the total thickness of Types I, II and III coals in the same borehole. According to Equation (3), the larger the damage value, the more serious the damage. Only when Types II and III coals are all developed could the damage value of the coal structure exceed 22. Therefore, based on the statistics of 112 boreholes (Figure 6 ), the development degree of the tectonic deformed coal in the research area was calculated. Using DV ≥ 22 as the boundary, a distribution map of the tectonic deformed coal was created for Types II and III coals ( Figure 6 ). Notes: The data of the gas contents in Figure 6 are cited from the report, (Gas occurrence regularity and gas geological prediction in the Xinjing coal mine, Branch project 5: Study of ground stress field). Yangquan Coal Industry (Group) CO., LTD (Yangquan, China), China University of Mining and Technology, March 2018.
Characteristics of Gas Distribution in the Research Area
According to gas data from the boreholes, the content of gas in the No. 3 coal seam was 10-30 m 3 /t. The distribution pattern is characterized by high content in the east central-NE corner, slightly higher content in the southeast (SE) corner, and low content in the west central-northwest (NW) and south. The high zone shows a strip distribution in the NE-SW direction. According to the actual value of gas, the research area was divided into three zones: a high-gas zone with a gas content ≥20 m 3 /t, a low-gas zone with a gas content ≤10 m 3 /t, and a medium-gas zone with a gas content between these two values ( Figure 6 ). The gas pressure was 0.4-2.4 MPa, and the absolute gas emission was 6-26 m 3 /min. The distribution patterns of the gas pressure and absolute gas emission were similar to that of the gas content.
Evaluation of Gas Outburst Risks withMultiple-Factor Spatial Superimposition and Discussion
The region with coal and gas outburst risks was determined by superimposing the damage value zone of tectonic deformed coal, high-ground-stress zone, and medium-high gas content zone. The results showed that the gas outburst risks in the NE and middle-southern region was high, whereas the risks in the middle-western region was low, with a strip distribution in the NE-SW direction. The gas outburst risks in the NW and SE region is moderate ( Figure 7) .
The above analysis approach with multiple-factor superposition took ground stress, gas content, and coal structure, i.e., three factors, into consideration. With simulation, statistical analysis, and calculation, the spatial distributions of three factors were obtained. The spatial distributions of these three elements were directly superimposed, in order to perform high and low configuration and partitioning. For safety considerations, conservatism and security were adopted as partitioning principles.
The advantages of this method are twofold. First, the evaluation and prediction of the gas outburst risks can be conducted before mining. There is no need to collect data and perform predictions during the mining process. Therefore, our prediction is advanced in terms of time. Second, such an evaluation and prediction are performed on the entire mining or non-mining areas, rather than on a limited region. Therefore, the prediction scope is wide. Results based on our method could form the basis of decision-making for the layout of a mining area or working face, the selection of a mining mode, and the measures of gas outburst control. Therefore, the method proposed in this paper is significant, as it provides guidance for the safety production in coal mines.
In this study, ground stress, gas content, and coal structure were superimposed and then analyzed directly and evenly. These three elements might have different weights in creating gas outburst risks. If the weight of each factor could be further studied, a partition weighted calculation could be performed. Following this, applying the result in order to predict gas outburst risks would be more reasonable. This could be done in future work.
The research results will guide the design and construction of non-mining areas in the future. It is suggested that when mining in non-mining areas, the areas with low gas outburst risks come first, followed by the moderate risk areas, and then the high risk areas. When mining in areas with low gas outburst risks in this order, the surrounding stress can be released, thereby promoting the desorption and emission of gas in high risk areas. Combined simultaneously with the measures of underground gas drainage, gas outburst risks will be gradually reduced. The specific measures for gas drainage are not discussed in this paper. In addition, if the gas drainage from the ground is considered, the research results in this paper can also provide references for the layout of boreholes. 
Conclusions
(1) The distribution of ground stress in the rock formation of profiles was obtained by performing a numerical simulation of multiple geological profile models. The ground stress value of different profiles on the coal seam floor was extracted and interpolated in space. Following this, the ground stress distribution on the curved surface of the coal seam floor could be obtained.
The results of the simulation showed that the equivalent stress of the No. 3 coal seam floor is 
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